Silencing Complex (RISC) to suppress the translation of protein coding mRNAs. Despite intense study of these regulatory molecules, the specific molecular functions of most miRNAs remain unknown, largely due to the challenge of accurately identifying miRNA targets. Reporter gene assays can determine direct interactions, but are laborious and do not scale to genome-wide screens. Genomic scale methods such as HITS-CLIP do not preserve the direct interactions, and rely on computationally derived predictions of interactions that are plagued by high false positive rates. Here we describe a protocol for the isolation of direct targets of a mature miRNA, using synthetic biotinylated miRNA duplexes. This approach allows sensitive and specific detection of miRNA-mRNA interactions, isolating high quality mRNA suitable for analysis by microarray or RNAseq.
INTRODUCTION
MicroRNAs (miRNAs) are crucial components of the regulatory circuitry of cells, controlling key biological processes in a broad range of eukaryotic cells. Mature miRNAs are short (~22nt), and can derive from either the introns of protein-coding genes or from processing of non-coding RNAs through the enzymatic actions of Drosha 1 and Dicer 2 . The predominant function of miRNAs is to act as guide molecules in the RNA-induced silencing complexes (RISC) and target regions of complementarity in the mRNAs 3 . This targeting inhibits the translation of mRNAs [4] [5] [6] [7] [8] [9] and in some cases leads to mRNA destabilization and degradation 4, 10 . Despite intense study of these regulatory molecules, the specific biological and molecular functions of most miRNAs have not yet been identified, largely because our understanding of miRNA-mRNA interactions is far from complete.
Most studied interactions between miRNAs and mRNAs occur in the 3' UTR 11 , although functional inhibition can occur in the coding region of the mRNA [12] [13] [14] , and in the 5' UTR 15, 16 , suggesting that interactions can occur along the entire length of the transcript. Empirical interaction rules have been derived from a small number of experimental validations, and from comprehensive mutation analysis of a small number of miRNAs 17, 18 . These studies demonstrate that 6-8nt in the 5' end of the miRNA (often referred to as the "seed" region) are important, and sometimes sufficient, for binding to mRNAs. Recently, interactions between nucleotides 4 and 15 of the miRNA (centered sites) have also been shown to occur endogenously and mediate mRNA cleavage 19 . The combinatory potential of binding interactions make predicting miRNA targets challenging (especially considering that mismatches, G:U wobble, and bulges can be tolerated), and many programs attempt to restrict the output by considering only interactions driven by a seed, interactions conserved across species, and interactions within the 3'UTR only. Even with these restrictions, computational methods to predict miRNA targets generally perform poorly in experimental validation experiments due to high false positive rates (estimated to be at least 20-40%) 18, 20, 21 .
Commonly used experimental methods of determining miRNA::mRNA target interactions (such as reporter-gene constructs 22 and mutation studies 17, 18 ) are laborious and expensive and cannot scale to whole-genome approaches. Other methods that rely on the degradation of target mRNAs, such as microarray profiling 23 (in which an exogenous miRNA is introduced to cells, changing mRNA levels that are detected by microarrays), or Parallel Analysis of RNA Ends (PARE) 24 (in which the cleavage sites of miRNAs are captured by the addition of a 5' adaptor, prior to standard library preparation for massive-scale sequencing), both miss a substantial fraction of mammalian targets of which the mRNA is not destabilized. Microarray analysis also suffers from the inability to distinguish between the primary effects of miRNA modulation, and downstream effects of changing mRNA target levels. As there is a significant bias towards transcription factors amongst miRNA targets 20 , and because transcription factors act directly and rapidly to alter the level of mRNAs in a cell, distinguishing true miRNA targets from these secondary effects is also a laborious task. Other genome-wide protocols such as HITS-CLIP 25 or PAR-CLIP 26 , which co-purify the RNA associated with members of RISC, do not preserve the individual relationships between a miRNA and its target, instead relying on computational predictions of miRNAtarget interactions, and suffering the same level of false positives described above.
Biotinylated siRNAs were frequently used to isolate and identify the protein components of RISC [27] [28] [29] [30] [31] , and some groups have used this approach to capture the direct mRNA targets associated with biotinylated-miRNA duplexes 15, 32, 33 . Although this method could identify direct targets of miRNAs, the protocol suffered from low specificity 34 and poor enrichment of targets (an average fold change of ≤ 2) 15 . A modified method, tandem affinity purification of target mRNAs (TAP-Tar), sought to address this by adding a prior isolation step through flagtagged RISC components 34 . Although the specificity of the pull-down was greatly increased, it still required the use of exogenous, over-expressed proteins in addition to synthetic, modified miRNAs, which is not ideal. Additionally, there are three major concerns that are typically (and correctly) voiced about the original procedure (reviewed by Thomas et al 35 ): (i) that the original miR-10a pull-down 15 did not enrich for known or predicted targets; (ii) that dramatic over-expression could alter the stoichiometry of the detected miRNA-mRNA interactions; and (iii) that dramatic over-expression of a single miRNA could alter the transcriptional network of the cells, leading to RNA changes that could confound our results.
Here we present an improved protocol using biotinylated-miRNA duplexes to detect direct mRNA targets. There are notable differences between the protocol used by Ørom 15,33 , and the one we have used: (i) we use a low concentration of miRNA duplex in a large number of cells to avoid altering the stoichiometry binding site detection; (ii) we have changed the lysis steps from a hypertonic lysis followed by detergent solubilization to a hypotonic lysis step followed by a freeze-thaw; (iii) we have changed the bead type to obtain a higher yield of RNA; (iv) we have blocked the magnetic beads with yeast tRNA to prevent non-specific association of abundant RNA species directly with the beads; and (v) we have introduced several highly stringent wash steps to remove as much non-specific binding as possible. We demonstrate that with these changes, we are able to enrich for known and predicted targets of miRNAs. This protocol does not require exogenous protein expression, but is highly sensitive and specific, and can be used in any cell line (or cell model) where reasonably efficient transient transfection is possible.
EXPERIMENTAL DESIGN

Design of miRNA duplexes
There are a few important considerations in the design of the biotin labeled miRNA duplex (Figure 1) . Biotin should be attached to the 3' OH group of the mature strand via a C6 linker (available from Integrated DNA Technologies). The exact linker length may not be crucial, as C7 linkers have also been reported to work well 33 . Biotin labeling of the 5' end will prevent the miRNA from incorporating into RISC, as the 5' phosphate of the mature strand is required for RISC loading 36, 37 . There is some evidence to suggest that overhangs at the 3' end of each strand (2nt each) are required for unwinding of the double-stranded molecule 38 , and that mismatches in the passenger strand with respect to the mature strand will favor incorporation of mature strand into RISC 39 . Mismatches between the passenger strand and the mature strand (red) facilitate unwinding of the duplex and incorporation into RISC. The mismatch at position 2 (mature strand) is required; further mismatches are optional.
Incorporation of additional mismatches through the passenger strand does not appear to affect the performance of the duplex, and may improve the disassociation of the two strands 40 . HPLC purification of the strands prior to annealing is preferred to ensure that full length mature strands are incorporated into RISC.
Choice of cell line
This protocol should be performed in a cell line that can be easily and reproducibly transfected. Ideally, the transfection efficiency should be at least 30% to minimize the tissue culture required. Many factors affect the successful transfection of mammalian cells (refs), and these parameters will need to be optimized for each cell line. In our experience, conditions that have been optimized for siRNA experiments should work well for miRNA duplexes. It is critical that the cell lines used are Mycoplasma free to ensure reproducible transfection efficiencies. This protocol has been successfully applied in HEK293T, HeLa, and MCF7 cell lines. Whilst the quantitative data gained from this experiment is relevant only in the cell line of origin, qualitative data (such as miRNA-X interacting with mRNA-Y) may be transferable across different cell lines, and can be confirmed by orthogonal methods.
Concentration of the miRNA duplex
As with any protocol that uses exogenous agents to study endogenous systems, there is a trade-off between efficiency of the protocol and the desire to minimize alterations to the established genetic networks. The ideal concentration of the duplex to be transfected should be optimized for each miRNA, to ensure that known phenotypic effects of miRNA over-expression are absent (although these effects are not always known in advance). We have found that a concentration of 7nM appears to have little effect for the miRNAs we have studied so far (Figure 2) , and would be a good starting concentration for many miRNAs. (blue) and hsa-miR-199b-5p (red), were transfected into HEK293T cells, independently replicated three times. Total RNA samples (dotted lines) and pull-down miRNA enrichments (solid lines) were assayed by microarray, and clustered using the plotSampleRelations function of lumi. There is a very close relationship between the total RNA samples, even though they have been transfected with two different miRNAs. This demonstrates that there is very little effect of either 7nM duplex in this cell line, and that there is no major disruption of the underlying genetic networks upon transfection at this concentration. (B) Correlation of HEK293T control RNA transfected with either miR-424-3p or miR-199b-5p miRNAs. This demonstrates that there is very little effect of either duplex in this cell line, and that there is no major disruption of the underlying genetic networks upon transfection at this concentration.
Controls
Appropriate controls are critical for the analysis of the experiment. The ideal control for examining direct miRNA-mRNA interactions is the RNA from cells transfected with the biotin-duplex, extracted just prior to pull-down. This controls for changes that the cells may undergo upon transfection with the miRNA, which may not be identified by mock-transfected cells alone. However, this approach is not likely to identify mRNA targets that are directly cleaved by miRNA action, and the inclusion of RNA from mock-transfected cells will help to identify this subset of targets. 3. Add 160µL of HiPerfect transfection reagent to the diluted miRNA duplex and mix well by vortexing. 4. Incubate the sample at room temperature for 10min to allow the transfection complexes to form. 5. Add 1mL of the transfection complexes to each of the four 10 cm dishes drop-wise. Swirl the plate gently to ensure that the complexes are distributed uniformly across the plate. 6. Incubate the cells with the transfection complexes at 37ºC and 5% CO2 for 24hr.
MATERIALS
Step 7-20: Bead washing and blocking. Bead preparation can be started on the day of transfection (day 1) on a rotating mixer at 4º overnight, or can be done on the day of cell harvesting (day 2) for 2 hr at room temperature. • TIMING 17.5 hrs if started on day 1, 2.5 hrs if started on day 2, 30 mins hands-on
7. Resuspend Dynabeads ®MyOne Streptavidin C1 in its bottle by vortexing. Transfer 100µL (25µL of bead suspension per 10cm transfected plate) to a 2mL LoBind tube. 8. Place the tube with the bead suspension on the DynaMag™-2 magnet for 2 minutes. 9. Using a pipette, aspirate and discard supernatant before removing tube from the DynaMag™-2 magnets. 10. Add 100µl of bead wash buffer to the beads. Pipette several times to ensure the beads are washed sufficiently. 11. Repeat steps 8 -10 twice more for a total of three washes. 12. RNase Freeing Beads: After the third wash resuspend the beads in 100µl Solution A. Mix well by pipetting several times. Let beads incubate at room temperature for 2 minutes. 13. Place the tube containing the bead solution on the DynaMag™-2 magnet for 2 minutes. 14. Using a pipette, aspirate and discard supernatant before removing tube from the DynaMag™-2 magnets. 15. Repeat steps 12-14 once more. 16 . Resuspend beads in 100µl Solution B. Mix well by pipetting several times. 17. Place the tube containing the bead solution on the DynaMag™-2 magnet for 2 minutes. 18. Using a pipet, aspirate and discard supernatant before removing tube from the DynaMag™-2 magnets. 19 . Resuspend beads in 200µl Bead blocking solution. Pipette several times to mix. 20. Place the tube containing the bead on a rotating mixer at 4ºC overnight if starting on day 1, or allow mixing at room temperature for 2 hrs if starting on day 2.
Steps 21-36 Harvesting and lysing transfected cells (Day 2)
• TIMING 1hr, 30 mins hands-on 21. Prepare cell Lysis Buffer and keep buffer on ice till required. ▲ CRITICAL this buffer must be made fresh on the day of use. 22. Retrieve transfection plates from step 6 of the protocol. Aspirate and discard media. 23. To each 10 cm plate, add 2 mL of DMEM + 10% FCS and using a cell scraper gently lift off the cells from the plate. 24. Using a pipette transfer the cells to a 15mL falcon tube. Note: Cells from each of the 4x 10cm plates should be pooled at this stage so your falcon tube should contain 8mL cells. 25. Centrifuge the falcon tubes containing the harvested cells at 1000rpm for 5 minutes at room temperature. 26 . Aspirate and discard the supernatant. Add 5mL of PBS to the cell pellet and then pipette gently to wash and resuspend the cells. 27. Centrifuge the falcon tube at 1000rpm for 5 minutes at room temperature.
28. Aspirate and discard supernatant. 29 . Add 250µl cell lysis buffer to each pellet and gently pipette to resuspend cells. 30 . Put cells in lysis buffer on dry ice for 5 mins. 31. Allow the cells to thaw out at room temperature and then transfer lysate to a 1.5mL LoBind tube. ▲ CRITICAL this freeze thaw step allows for better lysis of cells. 32. Centrifuge tube at 13,000rpm in a bench top centrifuge set at 4ºC for 2 minutes. 33 Similarly, add 450µL of RNase/DNase free water to the control RNA to bring it to a total volume of 500µL. 56. Assemble an Amicon Ultra-0.5 Centrifugal filter device into a fresh collection tube. Now transfer the 500µL of target mRNA and the control RNA each into separate Amicon Ultra-0.5 Centrifugal filter devices. 57. Put the Amicon Ultra-0.5 Centrifugal filter devices containing the RNAs into a tabletop centrifuge and spin at 13,000 rpm for 30 minutes at room temperature. 58. Next place the Amicon Ultra-0.5 Centrifugal filter device upside down in a fresh collection tube and re-centrifuge in the tabletop centrifuge at 5000 rpm for 2 minutes at room temperature. 59. The RNAs should have eluted out of the filtration device into the collection tubes in a final volume of approximately 20µl-25µL. Note: If you have a mock control lysate, put it through steps 54 to 58 of the protocol. ▲ CRITICAL This extra cleanup step is essential to remove carry-over organic contaminants which can inhibit the labeling and amplification of the RNA sample.
■ PAUSE POINT Samples can now be stored at -80ºC. Alternatively, continue with quantification of RNA.
Step 60 Target mRNA and control RNA Quantification • TIMING 45mins, 20 mins hands-on 60. The target mRNA and the control lysate RNA can now be quantified on the Nanodrop 1000 spectrophotometer and on an Agilent 2100 Bioanalyser using the Agilent RNA 6000 Pico kit using manufacturer's protocol.
■ PAUSE POINT Samples can now be stored at -80ºC or continue on with RNA amplification.
Step 61-62 Target mRNA and control RNA Labeling and Amplification • TIMING 23 hrs, 2hrs hands-on 61. Amplify and label 50ng of captured target mRNA using Illumina® TotalPrep RNA Amplification kit according to manufacturer's instructions. Also amplify and label 50ng of control RNA. ▲ CRITICAL Carry out the 14 hour incubation for the IVT step. 62. Quantify the amplified RNAs on the Nanodrop 1000 spectrophotometer and then check the size distribution on an Agilent 2100 Bioanalyser using the Agilent RNA 6000 Nano kit using manufacturer's protocol.
Step 63-65 Hybridization of samples onto Illumina® Human HT-12 array and scanning • TIMING 18hrs, 2hrs hands-on 63. Hybridize 750ng of amplified cRNA onto an Illumina® Human HT-12 array following manufacturer's protocol. 64. Scan the arrays using an Illumina BeadArray Reader. 65. Extract the expression measurements using the GenomeStudio software.
• TIMING Timings for each step are based on processing 1-12 samples for final hybridization onto a single Illumina® Human HT-12 array.
Step 
? TROUBLESHOOTING
Troubleshooting advice for possible problems when affinity purifying targets of miRNAs can be found in Table 1 . 
ANTICIPATED RESULTS
The amount of RNA that is pulled down in this protocol will vary from experiment to experiment, depending on the miRNA and the cell line used. The minimum amount of RNA suggested by the manufacturer for RNA amplification is 50ng, but we have been able to robustly identify miRNA targets using only 20ng of input. Typical profiles of pulled-down mRNA and amplified mRNA are shown in Figure 3A and B, respectively. The data from the Illumina microarrays can be analyzed in R using the lumi 41 and limma 42 packages. An example R script has been provided to analyze Illumina microarray data starting with the output from GenomeStudio (Supplementary File 1) . Briefly, arrays should be background corrected, data transformed using a variance-stabilizing transformation 43 , and then normalized (within and between arrays) using the robust spline method 44 . All probes with a detection p-value less than 0.01 in all control samples can be retained for further analysis. The lmFit and eBayes functions in the limma package are used to test for differential expression between the pull-down samples and the control samples for each miRNA. The Benjamini-Hochberg correction is applied in order to account for multiple testing, and probes with an adjusted one-sided p-value less than 0.05 (lower-tailed p-value in the code in Supplementary File 1) are considered to be significantly enriched in the pull-down, and thus targets of the miRNA.
The number of microarray probes (and corresponding genes or transcripts) detected as differentially expressed will vary for each individual miRNA 45 , but hundreds to thousands of enriched targets are not uncommon. Additional stringency can be gained by introducing a fold-change threshold, but we found that applying a threshold of 2-fold change in enrichment did not significantly change either the gene set enrichment analysis, or the cross-validation rate using luciferase assays 40 .
Using the same miRNA duplex that was used by Ørom et al. (hsa-miR-10a) 15 , we performed the pull-down and produced a volcano plot (Figure 4, left) , which plots the fold change versus the -log10 transformed significance of that fold change for every probe on the microarray. We produced a similar plot using the data analyzed by Ørom et al 15 (ArrayExpress accession number E-MEXP-1375; Figure 4 , right). Whereas the data from the latter has few genes passing a significance threshold, and a very limited range of differential expression, the data from our protocol shows substantial improvement in all these areas. Additionally, we see the expected enrichment of both known and predicted mRNA targets, confirming the usefulness of this protocol. We have used this approach to determine the direct mRNA targets of more than 10 miRNAs 40, [45] [46] [47] , to determine that isomiRs are target functionally related pathways as their canonical partners 40 , and to determine that a large proportion of interactions are not mediated by the seed sequence 45 . Figure 4 | Volcano plots showing the significance of the difference in expression between the indicated pull-down and the mock-transfected control, for all transcripts expressed in control cells. Targets predicted by TargetScan or validated previously via luciferase assay are indicated by orange and green dots, respectively. A comparison between miR-10a biotin pull-down in this study (left) and by Ørom et al 15 (right) . P values for the enrichment of Luciferase validated targets or TargetScan predicted targets are indicated. Red dashed lines indicated the significance threshold and the fold-change threshold used in this study. For the pull-downs performed by Ørom et al., no enrichment of known or predicted targets was observed. For the pulldowns using our improved protocol, we observe substantial increases in dynamic range, and statistically significant enrichment of both known and predicted targets.
